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RESEARCH  OBJECTIVES 


Optical  detectors  on  satellites  are  used  to  observe  missiles  during  their  launch, 
ascent,  and  reentry  phases.  In  principle,  radiation  from  rocket  plumes  could  be  used 
to  identify  the  type  of  fuel  used  on  an  incoming  missile.  However,  insufficient 
information  is  available  to  allow  developing  models  for  quantitatively  predicting  uv 
plume  signatures.  Knowledge  of  rate  coefficients  and  light  yields  of  chemiluminescent 
reactions  as  functions  of  pressure  and  temperature  is  required.  In  the  present  work 
we  have  begun  to  provide  these.  In  general,  the  target  reactions  are  those  of  rocket 
exhaust  species,  such  as  CH,  CH2,  C2H2,  C2,  Al,  and  A1C1  with  atmospheric  reactants, 
mainly  O  and  O2,  as  well  as  with  H2O.  These  are  studied  using  our  unique  reactors  of 
the  HTFFR  (high-temperature  fast-flow  reactor)  and  HTP  (high-temperature 
photochemistry)  types.  In  particular  we  have  concentrated  on  the  CO  (Alri-X^Z) 
vacuum  ultraviolet  (vuv)  emissions  from  the  O  +  C2H2  and  C2  +  O2  reactions. 
Additionally,  further  work  on  metallic  species  reactions  has  been  performed. 

RESULTS  AND  PUBLICATIONS 

The  major  experimental  set-up,  the  experiments  and  the  results  from  the  C2  and 
C2H2  chemiluminescence  work  have  been  described  in  detail  in  a  recent  publication: 
Arthur  Fontijn,  Mai  Y.  Randall,  Abdellatif  Goumri,  and  Paul  E.  Brock  II, 

"Comparison  of  Mechanisms  Leading  to  CO  Fourth  Positive  System  Vacuum 
Ultraviolet  Chemiluminescence",  AIAA  Paper  98-3538. 

This  paper  is  attached  as  Appendix  A.  A  major  conclusion  from  this  work  is 
that  the  C2  +  O2  reaction,  which  had  only  been  studied  in  passing  by  previous 
investigators,  is  a  more  likely  major  contributor  to  plume  vuv  emissions  than  the 
more  widely  studied  O  +  C2H2  reaction.  This  conclusion  corroborates  one  Dr.  H.G. 
Wolfhard  and  I  came  to  a  few  years  ago  in  analyzing  a  series  of  plume1  and  other 
flame2'4  data,  i.e.  that  the  C2  radical  plays  a  major  role  in  the  production  of  many  of 
the  chemiluminescence  emission  features  associated  with  the  combustion  of  organic 
fuels.  In  current  studies  we  are  further  investigating  the  C2  +  O2  chemiluminescence. 

Reactions  of  metallic  species,  particularly  Al  and  its  compounds,  lead  to  plume 
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chemiluminescence5  and  fluorescence6.  Under  a  parallel  AASERT  grant7  we  have 
studied  reactions  of  such  species.  The  detailed  publications  on  that  work  will  be 
discussed  in  the  final  report  on  that  grant.  An  overview  paper  has  also  been 
prepared: 

A.  Fontijn,  "Wide-Temperature  Range  Observations  on  Reactions  of 
Metal  Atoms  and  Small  Radicals",  in  High  Temperature  Materials 
Chemistry,  K.E.  Spear,  Ed.,  The  Electrochemical  Society,  Inc., 
Pennington,  NJ,  Proceedings  Volume  97-39,  1997,  pp.  617-628. 

This  paper  is  attached  as  Appendix  B..  It  will  also  appear  in  a  collection  of  the 
invited  papers  of  the  Ninth  International  Conference  on  High  Temperature  Materials 
Chemistry,  in  Pure  and  Applied  Chemistry. 
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iii)  AFOSR  Contractors  Meeting,  Regular  Sessions,  Chicago,  IL  (1995). 

iv)  Same  meeting,  Workshop  on  Aerothermochemistry  of  High  Altitude  Plumes" 
(1995). 

v)  CNRS  Laboratory  for  Photophysics  and  Molecular  Photochemistry,  Bordeaux, 
France  (1995). 

vi)  Department  of  Chemistry,  Dalhousie  University,  Halifax,  Nova  Scotia,  Canada 
(1996). 

vii)  AFOSR  Contractors  Meeting,  Hampton  University,  Hampton,  VA  (1996). 

viii)  Department  of  Chemical  Engineering,  The  University  of  Connecticut,  Storrs,  CT 
(1996). 

ix)  Department  of  Mechanical  Engineering,  The  Ohio  State  University,  Columbus,  OH 
(1996). 

x)  Air  Force  Phillips  Laboratory,  Hanscom  AFB,  MA  (1997). 

xi)  Ninth  International  Conference  on  High-Temperature  Materials  Chemistry, 
Pennsylvania  State  University,  State  College,  PA  (1997). 
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xii)  AFOSR  Contractors  Meeting,  San  Diego,  CA  (1997). 

xiii)  Fourth  International  Conference  on  Chemical  Kinetics,  NIST,  Gaithersburg,  MD 
(1997). 

In  the  course  of  this  work  we  have  had  extensive  discussions  on  plume  radiation 
problems  and  research  with: 

Drs.  H.G.  Wolfhard,  and  D.A.  Levin,  IDA,  Alexandria,  VA. 

Dr.  D.P.  Weaver,  Air  Force  Research  Laboratories,  Propulsion  Directorate 
Drs.  L.S.  Bernstein  and  W.L.  Dimpfl,  Spectral  Sciences,  Inc. 

Drs.  J.W.  Rich  and  V.V.  Subramaniam,  Mechanical  Engineering,  Ohio  State 
University 

Dr.  E.  Murad,  Air  Force  Research  Laboratory,  Geophysics  Directorate. 

In  addition,  we  advised  Dr.  A.A.  Viggiano  and  his  group  at  the  Geophysics  Directorate 
on  the  design  of  a  high  temperature  reactor  for  study  of  ionospheric  effects. 
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ABSTRACT 

The  kinetics  of  reactions  leading  to  the  CO(A^Il-X^Z)  Fourth  Positive  vacuum  ultraviolet  emission  is  studied  for 
incorporation  in  plume  radiation  models.  A  fast-flow  reactor  and  a  high-temperature,  pseudo-static,  photochemistry  reactor 

have  been  used.  Experiments  with  the  former  on  the  O  +  C2H2  reaction  have  shown  that  the  intensity  of  the  CO(d3A-a3ri) 

Triplet  bands  decreases  with  increasing  pressure.  This  is  in  accord  with  the  proposed  mechanism  for  CO(AlFI)  formation,  by 
collision-induced  curve  crossing  from  CO  triplet  states.  Experiments  in  the  pseudo-static  reactor  have  confirmed  the  increase 

of  the  CO(Aln  -X*I)  chemiluminescence  intensity  with  pressure,  as  indicated  by  this  mechanism,  but  show  a  decrease  in 

the  intensity  of  the  emission  when  the  C2  +  O2  reaction  is  investigated  instead.  This  indicates  a  direct  CO(A^IT)  formation 
in  the  latter  reaction,  which  leads  to  more  intense  vuv  emission  and  may  be  a  more  important  reaction  for  rocket  exhausts. 
As  the  first  step  toward  obtaining  the  absolute  light  intensities  and  chemiluminescence  efficiencies  for  the  C2  +  O2  reaction, 

its  vuv  emission  is  used  to  obtain  its  overall  rate  coefficients,  k(300-976  K)  =  1.8xlCf  llexp(-451  K/T)  cm3  molecule' ls'1. 
These  values  are  in  excellent  agreement  with  earlier  experiments,  where  the  C2  consumption  rate  coefficients  were  measured 
instead. 


INTRODUCTION 

Optical  detectors  on  satellites  are  used  to  observe 
missiles  during  their  launch,  ascent,  and  reentry  phases.  In 
principle,  radiation  from  rocket  plumes  could  be  used  to 
identify  the  type  of  fuel  used  on  an  incoming  missile. 
However,  insufficient  information  is  available  to 
quantitatively  predict  uv  plume  signatures.  Knowledge  of 
rate  coefficients  and  light  yields  from  potentially  competing 
mechanisms  is  required.  We  report  here  on  the  status  of  a 
program  to  provide  the  missing  reaction  kinetic 
information  over  wide  temperature  and  pressure  ranges. 

Particularly,  the  CO(A*n  -X*E)  Fourth  Positive  (4+) 
emission  from  the  O  +  C2H2  and  C2  +  O2  reactions  are 
discussed  and  compared. 
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The  O  +  C2H2  reaction  is  a  rich  source  of 
chemiluminescent  emissions  and  involves  two  species 
present  in  high-altitude  plumes  from,  respectively,  the 
atmosphere  and  the  fuel.  The  spectral  distribution  of  the 
main  mechanism  leading  to  the  CO  4+  emission  has  been 
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identified  in  a  number  of  studies.  The  O  +  C2H2 
reaction  leads  to  formation  of  C2O  followed  by: 


C2O  +  O  -►  CO(3)  +  CO 

(1) 

CO(3)  +  M  -»  CO  (A1!!)  +  M 

(2) 

3 

Here  CO(  )  represents  triplet  states  of  CO,  emissions  from 

2-5 

which  are  also  observed  from  these  reactions.  Pressure- 
1  3 

dependence  and  time-resolved  data  have  shown  the 
necessity  of  including  step  (2).  As  a  corollary,  inclusion  of 
this  step  indicates  that  the  triplet  bands  should  have  the 
opposite  pressure  dependence  from  the  4+  bands.  This 
needs  to  be  verified.  A  schematic  presentation  of  the  CO 
potential  curves  and  transitions  is  given  in  Figure  1.  A 
more  detailed  CO  diagram  showing  vibrational  levels  may 
be  found  in  Ref.  6. 

One  problem  with  the  above  scheme  is  that  the  maximum 
energy  available  from  the  O  +  C2H2  reaction  is  only  9.8 
eV,  which  is  0.3  eV  less  than  needed  for  population  of  the 
highest  observed  vibrational  levels.  This  has  been 
explained  by  energy  transfer  processes,  or  collisions  at  the 
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Fig.  I  CO  potential  curves  and  transitions.  Generated 
by  W.L.  Dimpfl,  Spectral  Sciences,  Inc.,  from 
scaled  traces  of  Fig.  3  of  Tilford  and  Simmons^. 

tail  end  of  the  Boltzmann  distribution.  However,  it  is 
unlikely  that  the  9.8  eV  reaction  energicity  remains 

available  through  the  series  of  steps  leading  to  A  II 
formation.  Additional  mechanisms  need  to  be  considered. 
The  reaction 

C  +  O  +  M  -»  CO  +  M  (3) 

could  supply  11.1  eV,  more  than  is  required  for  the 
observed  CCKa'iI)  excitation.  However,  it  has  been 

shown  that  this  reaction  can  not  be  important  in  flames  ’ 
and  a  three-body  reaction  could  also  not  be  significant  at 

7  8  9 

high  altitudes.  It  has  been  established  that  ’ 

C2(X 1 Z,  a3n>  +  02(X3Z)  -»  2CO  (4), 

which  is  10.84  and  10.92  eV  exothermic,  fo^fX1!)  and 
C2(a3ri),  respectively,  leads  to  both  CO(3)  and  vuv,  i.e. 

A'n,  emissions.  These  two  states  of  C2  are  close 
together,  separated  by  0.08eV,  and  rapidly  equilibrate  in  the 
presence  of  02(X3I).10  To  form  CO(Aln)  the  energetics 
require  that  the  second  CO  is  in  the  X^2  state.  Thus,  spin 
conservation  demands  that  only  C2(a3II)  is  directly 


involved  in  the  4+  emission,  whereas  both  C2  states  could 
form  the  triplet  states.  The  exothermicity  of  this  reaction 
is  such  that  no  further  assumptions  are  necessary  to  explain 
the  4+  emissions.  This  mechanism  appears  less  complex 
than  that  involving  reactions  (1)  and  (2),  and  no  third  body 
is  involved.  In  addition  to  contributing  to  the  4+  emission 
from  reactions  (1)  and  (2)  over  the  whole  wavelength  range, 
reaction  (4)  could  be  exclusively  responsible  for  the 

formation  of  the  highest  vibrational  levels  of  CO(A  TI). 
In  rocket  plumes,  C2  could  be  present  from  the  rich 
combustion  in  the  chamber.  Prior  to  the  present  work 
little  was  known  of  the  CO  4+  emission  from  reaction  (4). 
Assignment  of  the  vuv  emission  to  the  4+  system  is 
likely,  but  unconfirmed.  There  are  no  reported  absolute 
light  intensity  measurements  and  there  was  no  information 
on  the  influence  of  pressure  and  temperature  on  the 
emissions.  In  the  present  work  we  have  begun  to  provide 
such  information. 

Here  we  report  on  the  influence  of  pressure  on  the  4+ 
and  Triplet  emissions  from  O  +  C2H2.  The  influence  of 
pressure  on  the  wavelength  integrated  vuv  emissions  from 
reaction  (4)  is  compared  to  that  of  the  O  +  C2H2  reaction 
and  the  temperature  dependent  overall  rate  coefficients  of 
reaction  (4)  are  measured.  Work  on  the  comparison  of  the 
spectral  distributions  of  the  respective  vuv  emissions  is  in 
progress. 

CO  CHEMILUMINESCENCE  FROM  THE 
O  +  C2H2  REACTION 

Our  earlier  experiments  have  shown  that  the  CO  4+  bands 
intensity  increases  with  increasing  pressure  from  about  l  to 
10  mbar.  This  is  explained  by  adding  reaction  (2)  to  the 
mechanism,  i.e.  by  involving  a  collision-induced  crossing 

from  triplet  potential  curves.1  The  resulting  depletion  of 
molecules  in  triplet  states  should  lead  to  a  decrease  in  the 
intensity  of  triplet  states  emission.  We  have  now 
performed  experiments  to  check  this.  The  O  +  C2H2 
spectrum  is  very  rich  in  the  region  of  the  triplet  state 

emissions,  where  intense  CH(A3A-X3IT)  430  nm  system 
and  C2(A3n-X3n)  Swan  system  emissions  are  present. 
We  have  chosen  to  perform  these  experiments  on  the 
(d3A-a3n)  “Triplet”  system,  which  can  best  be 
distinguished  from  these  emissions. 

The  experiments  were  performed  at  room  temperature 
in  a  Pyrex  fast-flow  reactor.  Figure  2,  of  very  similar 
design  and  operation  to  that  of  Ref.  1 .  Oxygen  atoms  were 
produced  by  passing  5.00%  O2  (Scott  Analyzed)  in  Ar 
through  a  microwave  discharge.  Downstream,  C2H2 
(99.6%,  Liquid  Carbonic)  was  introduced  through  a 
moveable  inlet.  Spectral  measurements  were  obtained 
using  a  Minuteman  305-M  monochromator  equipped  with  a 
Centronic  4283  TIR  photomultiplier  tube  (PMT). 

Measurements  have  been  made  on  the  CO(d-a)  (8,0), 
(7,0),  (6,0),  (5,0),  and  (3,0)  bands.  Figure  3  shows  the 
spectrum  of  the  former  band.  Intensity  data  were  obtained 
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Fig.  3:  Spectral  distribution  of  the  O  +  C2H2 
chemiluminescence  from  492  to  472  nm.  P  =  2.0 
mbar,  [O]  =  2.7  x  10^  atoms  cm‘^,  [C2H2]  = 

9.2  x  10  molecules  cm*^,  v  =  6ms*l 

in  two  different  ways,  (i)  by  subtracting  the  detector 
background,  here  the  intensity  of  the  492-490  nm  range, 
and  (ii)  by  subtracting  the  contours  of  the  underlying  CH  or 
C2  bands.  The  resulting  intensities  were  plotted  against 
reaction  time  at  a  number  of  pressures,  as  shown  in  Figure 
4  for  the  (8,0)  band  at  480.7  nm.  In  these  experiments  the 
pump  was  throttled,  thus  decreasing  the  average  gas 
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Fig.  4:  Fast-flow  reactor  measurements  of  the  intensity  of 
the  CO(d-a,  8-0)  emission  vs.  reaction  time,  as  a 
function  of  pressure.  Reactant  concentrations  as 
in  Fig.  3. 

velocity  v,  but  the  reactant  concentrations  were  kept 
constant.  The  [O]  was  kept  constant  by  shutting  the  C2H2 
flow  off,  adding  a  known  (NO]  and  adjusting  the  microwave 
discharge  power  so  that  the  light  intensity  of  the  O+NO  -4 

NO2  +  hv  reaction  was  the  same  at  all  pressures.* *  The 

absolute  [O]  of  Figures  3  and  4  was  obtained  by  using  the 

1 2 

N  +  NO  — »  N2  +  O  titration  reaction. 

The  areas  under  the  plots  of  Figure  4  represent  the 
time-integrated  intensities.  A  graph  of  these  areas  versus 
pressure  is  given  in  Figure  5.  The  slope  of  this  plot,  dl/dP 
-2  -1 

is  (-8.1±0.4)xl0  mbar  .  In  Table  I  this  is  compared  to 
the  slopes  from  the  other  bands  measured,  obtained  in  the 
same  fashion.  It  may  be  seen  that  all  decrease  similarly 
with  pressure  and  the  results  are  essentially  independent  of 
the  intensity  subtraction  method  used.  As  a  further  check 
on  the  reliability  of  the  intensity  measurement  methods 
used,  the  pressure  dependence  of  the  underlying  CH  and  C2 
bands  was  measured.  They  were  found  to  be  independent  of 
pressure. 

The  results  are  in  accord  with  the  reactions  (i)  and  (2) 
scheme.  Other  triplet  states  could  also  be  involved  in  the 

Aln  population.  The  CO(d)  vibrational  levels  studied  all 

represent  adequate  energies  to  transfer  to  the  A*n  state. 
The  d,  v<3  levels  have  insufficient  energy  to  cross  over  to 

the  A*n  potential  curve,  though  they  could  energy-pool 
with  some  third  bodies.  It  would  be  interesting  to 
investigate  similarly  the  dl/dP  for  these  lower  levels. 

The  opposite  pressure  dependence  of  the  Triplet  and  4+ 

3 

bands  also  indicates  that  in  this  reaction  system  the  d  A 
and  A*n  levels  are  not  formed  by  collision-induced 

transitions  from  a  common  precursor,  such  as  CO(X*Z, 
v=high). 
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Normalized  integrated  intensity 


Fig.  5:  Time-integrated  intensities  of  the  measurements 

of  Fig.  4  versus  pressure. 


Table  I.  Influence  of  pressure  on  CO  (d-a)  Triplet  emissions 
Wavelength,  nm  .  10*^  mbar"1 


480.7  (8,0) 

-8.1  ±  0.4  a 
-8.1  ±0.4  b 

505.3  (7,0) 

-7.6  ±  0.9  a 
-7.6  ±  0.9  b 

533.0  (6,0) 

-6.8  ±  0.6  a 
-6.8  ±  0.6  b 

567.0  (5,0) 

-5.9  ±  0.8  a 
-6.3  ±  0.8  b 

640.1  (3,0) 

-7.5  ±  0.3  a 
-7.5  ±  0.3  b 

a) From  baseline  subtraction 

b) From  CH(A-X)  and  C2(A-X)  contours  subtraction 

COMPARISON  OF  THE 
CHEMILUMINESCENCE  INTENSITIES 
FROM  O  +  C2H2  AND  C2  +  O2 

To  study  reaction  (4),  the  transient  species  C2  needs  to 
be  produced.  A  number  of  experimental  approaches  have 
been  explored.  In  one  of  our  high-temperature 
photochemistry  (HTP)  reactors,  Figure  6,  C2  was  produced 
using  193  nm  multiphoton  excimer  laser  photolysis  of 


C2CI4  or  C2H2- (In  preliminary  experiments  C2H4  was 
similarly  used).  HTP  reactors  operate  in  a  pseudo-static 
pulsed  mode.  The  slow  flow  used  is  fast  enough  to  provide 
each  photolysis  pulse  with  a  fresh  reactant  mixture  and  the 
residence  times  are  long  compared  to  the  reaction  times. 
The  observations  are  made  from  the  center  of  the  reaction 
zone  and  are  not  influenced  by  wall  interference.  The  bath 
gas  temperature  determines  that  of  the  reaction  and  the 
reactants  are  introduced  through  a  cooled  inlet  as  shown. 
At  the  temperatures  used  here,  this  inlet  is  not  an  essential 
feature. 


Fig.  6  The  HTP  reactor  as  used  for  comparison  of  the 
C2  +  O2  to  O  +  C2H2  wavelength-integrated 
vuv  intensities,  and  the  O  +  NO  pressure- 
dependence  calibrations. 

The  other  reactor  to  be  employed,  to  produce  C2,  is  a 
high-temperature  fast-flow  reactor  (HTFFR),  which  allows 
for  steady  state  observations  similar  to  the  work  of  Section 
2.  Here  C2CI4  is  passed  over  heated  potassium,  which 

results  in  C2CI4  +  4K  — >  C2  +  4KC1.  This  method  is 
shown  in  Figure  7.  To  test  this  method,  the  reactor  of 
Figure  2  was  used.  Both  the  HTP  and  HTFFR  reactor 

types  and  their  operation  have  been  described  previously. 

In  both,  the  pseudo-static  and  fast-flow  reactors,  addition  of 
O2  led  to  the  vuv  emission. 

For  spectral  distribution  measurements  in  either 
reactor,  the  monochromator  PMT  combination  of  Section  2 
is  not  suitable,  as  (i)  the  HTP  chemiluminescence  is  pulsed 
and  (ii)  the  fast-flow  reactor  signal  decreases  with  time  and 
could  be  maintained  only  for  about  20  minutes,  due  to 
depletion  of  the  potassium.  For  spectral  observation  under 
these  conditions,  a  CCD  detector  (Princeton  Instruments, 
TE/CCD-1024  EVUV)  has  been  acquired  and  is  currently 
being  calibrated.  With  this  detector,  intensities  over  wide 
spectral  ranges,  e.g.  40  nm,  can  be  obtained  in  either 
reactor  and  the  monochromator  does  not  need  to  be  scanned, 
contrary  to  operation  with  PMTs.  Measurements  with  the 
CCD  camera  will  be  forthcoming  shortly.  Here  we  report 
on  the  pressure  dependence  of  the  1 10  to  200  nm  spectrally- 
integrated  emission  intensities,  obtained  with  a  solar  blind 
vuv  PMT  (Thom  EMI  G26E314LF),  connected  to  the  HTP 
reactor  through  a  MgF2  window. 
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Fig.  7:  The  HTFFR,  as  configured  for  C2  experiments. 

HTP  reactors  have  been  used  for  rate  coefficient 
measurements.  Reactors  of  this  type  have  not  previously 
been  used  for  light  intensity  comparisons.  To  verify  that 
measurements  of  the  pressure  dependence  of  emissions  can 
be  made  in  such  reactors,  the  pressure  dependence  of  the  4+ 
emission  from  the  O  +  C2H2  reaction  was  first  measured 
and  compared  to  that  obtained  previously  in  a  fast-flow 

reactor.1  The  O  atoms  were  produced  from  193  nm  single¬ 
photon  photolysis  of  SO2.  The  observation  zone  is 
geometrically  restricted  and  an  increase  in  pressure  will 
cause  an  increased  amount  of  the  reaction  events  to  be 
observed,  which  would  falsify  pressure-dependence 
observations.  To  eliminate  this  problem,  the  vuv  emission 
from  O  +  C2H2  and  the  uv  visible  emission  from  the 

pressure-independent  ^  ^  reaction  O  +  NO  -4  NO2  +  hv 
were  measured  alternately.  As  shown  in  Figure  6,  the  latter 
was  measured  with  a  uv-visible  PMT  (Thom  EMI 
9813QB).  The  intensity  ratio  I(CO  4+)/I(N02)  then 
approximates  the  true  pressure-dependence.  Figure  8  shows 
the  result,  which  is  very  similar  to  that  of  the  earlier  flow 
tube  study,  i.e.  a  rise  in  intensity  with  pressure  and  a 
leveling  out  above  about  10  mbar. 

A  C2  +  O2  result  in  the  same  pressure  domain  is 
given  in  Figure  9.  For  this  figure  C2H2  was  used  as  the 
photolyte;  similar  results  were  obtained  when  C2CI4  was 
used.  No  intensity  increase  with  increasing  pressure  is  seen 

in  these  experiments,  which  suggests  that  here  CO(A^Il)  is 
formed  directly,  not  via  an  intersystem  crossing  from  triplet 


Fig.  8:  HTP  measurements  of  the  wavelength-integrated 
CO  4+  intensity  versus  pressure  for  the  O  + 
C2H2  reaction.  T  =  300  K,  [SO2]  =  9.9  x  10 12 
molecules  cm"3,  [C2H2]  =  3.2  x  10^  molecules 
cm"2. 
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Pressure,  mbar 

Fig.  9:  HTP  measurements  of  the  wavelength-integrated 
CO  4+  intensity  versus  pressure  for  the  C2  +  O2 

reaction.  T  =  300  K.  [C2H2]  =  3.5  x  1013 
molecules  cm"3,  [O2]  =  5.3  x  10^  molecules 
cm"3. 

states,  which  makes  it  all  the  more  a  likely  important 
mechanism  for  plume  radiation.  Figure  9  actually  shows 
an  initial  decrease  in  the  CO  4+  intensity.  This  was  first 

3 

thought  to  be  due  to  vibrational  relaxation  of  C2(a  FI).  It 
is  known  that  the  overall  (all  product  states)  reaction  (3) 
proceeds  at  room  temperature  about  twice  as  fast  for  C2  in 
the  v=l  and  2  states,  than  for  v=0,  but  that  this  difference 

disappears  with  increasing  temperature.^  Measurements 
were  therefore  made  at  740  K,  about  the  highest 
temperature  where  the  O  +  NO  emission  was  not 
significantly  interfered  with  by  wall  radiation.  The  decrease 
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was  still  present  and  even  more  pronounced.  Figure  10. 
Further  experiments,  including  the  detailed  spectral 
distribution,  would  be  required  to  explain  this  negative 
pressure  dependence.  The  gases  used  in  these  experiments 
were  Ar  bath  gas  (Liquefied  Ar  of  99.998%  purity, 
Matheson),  5.00%  02  (Scott  Analyzed),  C2H2  (99.6% 
purity,  Matheson),  NO  (99%  purity,  Matheson),  and  SO2 
(99.98%  purity,  Matheson).  Mixtures  of  C2CI4  (99.9+% 
F1PLC  grade,  Sigma-Aldrich)  in  Ar  were  made  in  the 
laboratory. 


Fig.  10:  HTP  measurements  of  the  wavelength-integrated 

CO  4+  intensity  versus  pressure  for  the  C2  + 
02  reaction.  T  =  740  K.  [C2CI4]  =  5.9  x  1012 
molecules  cm'3;  [O2]  =  1.2  x  10 14  molecules 
cm'3. 

When  C2H2  is  used  as  the  C2  precursor,  C2H  will 
also  be  formed,  as  it  is  known  to  be  produced  by  single¬ 
photon  pholysis.17,18  A  few  single-photon  193  nm 
experiments  were  therefore  performed  on  C2H2/02/Ar 
mixtures,  similar  to  those  used  in  the  above  experiments. 
No  vuv  emission  was  observed.  Thus  the  observed  vuv 
emissions  can  be  attributed  to  the  C2  reaction.  Of  course, 
C2H  could  not  have  been  present  in  the  C2CI4  photolysis 
or  HTFFR  experiments. 

The  intensities  obtained  from  the  C2  +  O2  reaction 
were  about  an  order  of  magnitude  higher  than  those  from 
the  O  +  C2H2  reaction.  This  suggests  the  former  to  be  an 
efficient  process.  The  rate  coefficient  for  light  emission  for 

the  latter  has  been  determined  at  room  temperature. 

LIGHT  EMISSION  EFFICIENCY  OF  THE 
C2  +  O2  REACTION 

To  determine  the  efficiency  of  reaction  (4)  as  a  light 
emitting  process,  a  number  of  measurements  are  needed  and 
some  definitions  are  required.  Absolute  intensity  is  given 
by 


I  =  d[hv]/dt  =  khvfC2J[02]  '5) 

where  hv  represents  a  light  quantum.  The  rate  coefficients 
for  light  emission  are  related  to  the  overall  reaction  rate 
coefficients  k(T)  by  the  relation 

khv(T)  =  <D(T)k(T)  (6) 

where  <t>(T)  is  the  efficiency  factor  for  light  emission. 

Determinations  of  absolute  quantum  yields  from  first 
principles  are  very  time  consuming.  However,  since  those 

for  the  O  +  C2H2  reaction  have  been  measured, those  for 

C2  +  O2  can  be  obtained  by  comparison. 1  1  In  contrast  to 
k(T)  measurements,  which  require  absolute  concentrations 
only  of  the  reactant  in  excess.  Equation  (5)  requires  the 
absolute  concentration  of  the  limiting  reactant,  C2,  to  be 
known  as  well.  The  absolute  O2  concentrations  are 
obtained  directly  from  flow  rate  and  pressure  measurements. 
Using  fast-flow  reactors,  the  absolute  concentrations  of 
transient  species  can  be  obtained  by  gas-phase  titrations, 

which  require  a  fast  reaction  and  an  indicator.12  While 
developed  for  room  temperature,  this  technique  can  be  used 

_____  20 

equally  well  at  high  temperatures  in  HTFFRs.  For  the 
determination  of  [C2].  the  fast  reaction21 

C2  +  NO  -*  CN(A2IT,  B2Z)  +  CO(XlI)  (7) 

would  be  used  with  the  CN(B-X)  and  (A-X)  emissions  as 
indicators. 

As  the  first  step  toward  obtaining  d>(T),  we  are 
measuring  k(T)  of  the  C2  +  02  reaction.  The  HTP  reactor 
of  Figure  6  is  used  for  this  work.  C2CI4  was  used  for  the 
C2  generation  and  5.00%  O2  (Scott  Analyzed),  0.50%  O2 
(Matheson  Analyzed),  and  02  (99.98%  UHP,  Matheson) 
mixtures  with  He  (99.999%  UHP,  Matheson)  made  in  the 
laboratory  were  used  as  sources  of  02-  The  procedures  for 

15 

obtaining  rate  coefficients  have  been  described.  The 
measurements  have  thus  far  spanned  the  300-976  K  range. 
The  results  are  given  in  Table  II.  They  may  be  seen  to  be 
independent  of  pressure,  P,  the  corresponding  total  gas 
concentration  (essentially  Ar),  [M],  the  average  gas  velocity 

v  between  the  cooled  inlet  and  the  observed  reaction  zone 
(distance  z),  and  the  source  of  the  (>2  used.  The  resulting 
rate  coefficients  are  plotted  in  Figure  11.  Over  this 
temperature  range  they  are  well-fitted  by  the  expression 

k(T)  =  1.8xl0'llexp(-451  K/T)  cm3  molecule'1  s'1. 

In  Figure  12  the  present  k(T)  results  are  compared  to 
earlier  measurement  obtained  under  different  conditions. 
The  most  extensive  of  these  are  those  of  Baughcum  and 

Oldenborg. 16  These  are  based  on  laser-induced  fluorescence 
(LIF)  measurements  of  the  C2(a3II)  consumption  rates, 
which  they  found  to  be  approximately  equal  to  the 

C2(X1I)  consumption  rates,  also  measured  by  LIF.  In  that 
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k,  cm3  molecule 


Table 

2:  Summary  of 

Rate  Coefficienl 

:  Measurements 

on  the 

c,  +  o2 

Reaction 

T, 

K 

P. 

mbar 

[Ml,  , 
10*  cm'3 

|SscH, 

10  cm 

[O,]  range, 
10ucnv 

cm  s'1 

z, 

cm 

k  ±  C7k, 

1012  cm3  molecule' 

300 

339 

8.17 

2.13 

9.27  -  67.41 

1.6 

18 

3.73  ±  0.54 

310 

112 

2.61 

1.25 

2.04  -  7.78b 

7.0 

23 

4.86  ±0.61 

348 

204 

4.24 

2.13 

2.98  -  10.0b 

4.8 

23 

5.56  ±  0.38 

386 

139 

2.60 

2.40 

4.08  -  15.6C 

4.4 

23 

6.17  +  0.37 

401 

279 

5.03 

1.87 

4.58  -  17. 3b 

3.2 

23 

5.18  +  0.50 

426 

141 

2.40 

0.35 

1.82  -  13.3“ 

8.2 

19 

6.30  ±  0.66 

497 

276 

4.02 

1.92 

3.33  -  12.9C 

4.4 

23 

6.75  ±  0.34 

584 

256 

3.17 

1.77 

2.03  -  7.79b 

7.0 

23 

8.23  ±0.17 

836 

143 

1.24 

0.50 

1.12  -4.25b 

12.8 

23 

11.31  ±0.88 

976 

109 

0.81 

0.57 

0.57- 2. 18b 

25.2 

23 

12.23  ±  0.26 

s'1 


u  An  analyzed  5.00%  02  in  Ar  cylinder  was  used. 
h  An  analyzed  0.50%  02  in  Ar  cylinder  was  used. 

c  02/He  mixtures  (about  1%  02)  made  in  the  laboratory  for  each  experiment  separately. 
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Fig.  1 1  Arrhenius  plot  of  the  present  C2  +  O2  rate 
coefficient  measurements. 

work  CF3CCCF3  was  used  as  the  photolytic  precursor  of 
C2.  Only  one  pressure,  20  mbar,  considerably  lower  than 
that  of  the  present  work,  was  used.  The  results  are  in  very 
good  agreement  with  that  of  the  current  measurements, 
which  are  based  on  the  vuv  light  emission  production. 

Their  k(T)  expression  l.5x  10"  *  *exp(-493K/T)  cm^ 

molecule**  s~*  agrees  to  within  30%  with  the  present 
results,  typical  for  the  accuracy  limits  in  such  k(T) 
determinations.  Also  shown  in  Figure  12  are  the  300-600 

22 

K  measurements  by  Pitts  et  al.,  based  on  LIF 

observation  of  C2(X*Z)  disappearance,  and  the  room 

8 

temperature  measurements  of  Reisler  et  al.  where  CO 

triplet  chemiluminescence  was  used  as  the  diagnostic  tool, 

9  3 

and  those  of  Filseth  et  al.  who  also  used  LIF  on  C2(a  II). 

All  agree  very  well. 


T.  K 
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Fig.  12  Comparison  of  the  present  C2  +  O2 
measurements  to  those  of  earlier  works.  Data 
from  Baughcum,  et  al.**\  Pitts,  et  al.^2, 
Reisler,  et  al.®,  and  Filseth,  et  al.® 

The  present  rate  coefficient  measurements  will  be 
extended  to  higher  temperatures  (probably  to  about  1500  K) 
and  will  be  combined  with  measurements  of  the  absolute 
intensities  and  with  C2  titration  values  to  obtain  <f>(T). 
While  the  HTP  reactor  is  the  most  suitable  for  rate 
coefficient  measurements  of  C2  reactions,  these  further 
measurements  will  require  the  use  of  the  HTFFR. 

CONCLUSIONS 

Experiments  on  the  O  +  C2H2  and  C2  +  O2 
chemiluminescent  reactions  have  been  performed. 
Observations  on  the  triplet  emissions  from  the  former  have 

confirmed  our  previously  proposed  mechanism*  for  the 
formation  of  CO  molecules  in  the  A*n  state,  which  is 
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responsible  for  the  vacuum  ultraviolet  emission  from  this 
reaction.  The  results  obtained  on  the  second  reaction,  for 
which  less  kinetic  and  no  vuv  spectroscopic  information  is 
available  in  the  literature,  suggest  it  is  a  less  complex, 
attractive  alternative  mechanism  for  rocket  exhaust  vuv 
emissions. 

acknowledgements 

This  work  is  supported  by  AFOSR  under  grants  F  49620- 
95-1-0258,  F  49620-98-1-0047,  and  F  49620-95-1-0473. 
We  thank  Drs.  D.F.  Weaver  and  I.J.  Wysong  (Air  Force 
Research  Laboratories,  Propulsion  Directorate)  for  helpful 
comments  in  the  course  of  this  work,  A.  Fernandez  for 
critically  reading  this  manuscript,  and  W.F.  Flaherty  for 
assistance  with  some  of  the  measurements. 

REFERENCES 

1  A.  Fontijn  and  S.E.  Johnson,  "Mechanism  of  CO 
Fourth  Positive  VUV  Chemiluminescence  in  the  Atomic 
Oxygen  Reaction  with  Acetylene.  Production  of 
C(3P,  lD)",  J.  Chem.  Phys.  52,  6193  (1973). 

2K.H.  Becker  and  K.D.  Bayes,  "CO 
Chemiluminescence  from  Flames",  J.  Chem.  Phys.  43, 
653  (1968). 

3W.  Bauer,  K.H.  Becker,  and  R.  Meuser,  "Laser- 
Induced  Fluorescence  Studies  on  C2O  and  CH  Radicals", 
Ber.  Bunsenges,  Phys.  Chem.  32,  340  (1985). 

4  k.D.  Bayes,  "Spectroscopic  Study  of  the 
Chemiluminescent  Reaction  O  +  CCO",  J.  Chem.  Phys. 
52,  1093  (1970). 

5M.L.  Burke,  W.L.  Dimpfl,  P.M.  Sheaffer,  P.F. 
Zittel,  and  L.S.  Bernstein,  "Formation  of  Triplet  CO  in 
Atomic  Oxygen  Flames  of  Acetylene  and  Carbon 
Suboxide",  J.  Phys.  Chem.  m  138  (1996). 

6S.G.  Tilford  and  J.D.  Simmons,  "Atlas  of  the 
Observed  Absorption  Spectrum  of  Carbon  Monoxide 
Between  1060  and  1900A",  J.  Phys,  Chem.  Ref.  Data  1, 
147(1972). 

7H.  Reisler  and  C.  Wittig,  "Electronic  Luminescence 
Resulting  From  Infrared  Multiphoton  Excitation", 
Photoselective  Chemistry ,  Part  I,  J.  Jortner,  R.D.  Levine, 
and  S.A.  Rice,  Eds.  (Wiley,  New  York,  1981),  p.  679. 

^H.  Reisler,  M.S.  Mangir,  and  C.  Wittig,  "The 
Kinetics  of  Free  Radicals  Generated  by  IR  Laser 
Photolysis.  II.  Reactions  of  C2(X*I),  C2(a3n),  C3(X*Z) 
and  CN(X2I)  with  02”,  Chem.  Phys.  42,  49  (1980). 


9S.V.  Filseth,  G.  Hancock,  J.  Fournier,  and  K.  Meier. 
'Quenching  of  C2(a3nu)  Produced  in  an  Intense  Infrared 
Laser  Field",  Chem.  Phys,  Lett.  61,  288  (1979). 

l(^M.S.  Mangir,  H.  Reisler,  and  C.  Wittig,  "The 
Kinetics  of  Free  Radicals  Generated  by  IR  Laser 
Photolysis.  ID.  Intersystem  Crossing  between  C2(X^Z)  and 
C2(a3ri)  by  Collision  with  Oxygen",  J.  Chem.  Phys.  71, 
829(1980). 

*  1  A.  Fontijn,  C.B.  Meyer  and  H.I.  Schiff,  "Absolute 
Quantum  Yield  Measurements  of  the  NO-O  Reaction  and 
Its  Use  as  a  Standard  for  Chemiluminescent  Reactions",  J. 
Chem.  Phys.  4Q,  64  (1964). 

l2A.  Fontijn,  D.  Golomb,  and  J.A.  Hodgeson,  "A 
Review  of  Experimental  Measurement  Methods  Based  on 
Gas-Phase  Chemiluminescence",  Chemiluminescence  and 
Bioluminescence  M.J.  Cormier,  D.M.  Hercules,  J.  Lee, 
Eds.  (Plenum  Press,  New  York,  1973),  p.  393. 

13L.  Pasternack  and  J.R.  McDonald,  "Reactions  of 
C2(X*Z+)  Produced  by  Multiphoton  UV  Excimer  Laser 
Photolysis",  Chem.  Phys.  41,  173  (1979). 

Daugey,  A.  Bergeat,  A.  Schuck,  P.  Caubet,  and 
G.  Dorthe,  "Vibrational  Distribution  in  CN(X2I+)  from 
the  N  +  C2  ->  CN  +  C  Reaction",  Chem.  Phys.  222*  87 
(1997). 

15 A.  Fontijn  and  P.M.  Futerko,  "Homogeneous 
Kinetics  of  Metal  Species  Over  Wide  Temperature  Ranges: 
Techniques,  Measurements  and  Correlations",  Gas-Phase 
Metal  Reactions ,  A.  Fontijn,  Ed.,  Elsevier,  Amsterdam, 
1992,  Chap.  6. 

l^S.L.  Baughcum  and  R.C.  Oldenborg,  "Measurement 
of  the  C2(a3n)  and  C2(XlX)  Disappearance  Rates  with  O2 
from  298  to  1300  K",  in  The  Chemistry  of  Combustion 
Reactions .  ACS  Symposium  Series  249 ,  T.M.  Sloane, 
Ed.,  ACS,  Washington,  1984,  Chap.  15. 

l?H.  Okabe,  Photochemistry  of  Small  Molecules , 
Wiley,  New  York,  1978,  pp.  262,  275. 

1®A.M.  Renlund,  F.  Shokoohi,  H.  Reisler,  and  C. 
Wittig,  "Reactions  of  C2H  with  O2:  Chemiluminescent 
Products",  J.  Phys.  Chem.  36*  4165  (1982). 

l9F.F.  Marmo,  J.P.  Padur,  and  P.  Wameck,  "Vacuum 
Ultraviolet  Chemiluminescence  in  the  Reaction  of  Atomic 
Oxygen  with  Acetylene",  J.  Chem.  Phys.  47,  1438  (1967). 


8 


-(Ia.  Fontijn  and  W.  Felder  HTFFR  Kinetics  Studies: 
A  Chemiluminescence  Titration  Method  for  the 
Determination  of  Absolute  Sn  Concentrations”,  Chem. 
Phys.  Lett.  47,  380  (1977). 

2 1 H.  Reisler,  M.  Mangir,  and  C.  Wittig,  "The 
Kinetics  of  Free  Radicals  Generated  by  IR  Laser 
Photolysis.  I.  Reactions  of  C2(a^nu)  with  NO,  Vinyl 
Cyanide,  and  Ethylene”,  J.  Chem.  Phys.  21,  2109  (1979). 

22\y.M.  Pitts,  L.  Pasternack,  and  J.R.  McDonald, 

"Temperature  Dependence  of  the  C2(X*I+)  Reaction  with 

© 

H2  and  CH4  and  C2(X*Zg  and  a^nu  Equilibrated  States) 
with  O2,  Chem.  Phys.  M,  417  (1982). 


9 


APPENDIX  B 


PROCEEDINGS  OF  THE  NINTH 
INTERNATIONAL  CONFERENCE  ON 


U 

c 

& 

a> 

8 

to 

8 

8  £ 
88 
«  5 
p  “ 

hs 

ON 

On 


W) 


cx 

U 


.  <u 
u  *s 

£  s 

<D  OJ 

*3  u 
C  r* 

«  s 

S  a 
c  u 
«  *- 
<5  * 

01  60 

U  & 

£  o'  j2 

4*0  g 

III 

xc£ 
1  8  s. 
*0  a>  c 

(D  V5  C 

|  i§  3 

a>  c 
*•  O 

c  S 


i 


§ 


<8  £ 
•e  e 

H 

SB 


1 

M 

I 


to 

? 

a 

D 

CL> 

x: 


£§ 

£  «' 
£  C 
C  2 

=>4 

«  S' 
«  C 


«« 1 

I-1 

to  ! 

u  •  i 

O  W  c 

£  TS  - 
TJ  «  j 
UJ  ^  t 


H 


8 


i 


ON 

ro 

S  |> 

ts. 

c 

ON 

a> 

si 

& 

S  a> 
2  Cu 

D 

U  *. 

O 

x  » 

r  t  CO 

> 

O  C 

So 

c 

w  «■ 

hi 

§5 
Si  3 

§ 

UJ 

X  o 

eu 

H 

«  c  { 

«  «  5  >  i 

5  = e  !c 

g ! c 

c  g  g « « 

>.  E2  E  u  •> 

O  (d  «  S  k  V 

u.  «c  c  a  *n 


«>  o  « 


« 
M  "3 


i  g  8,„  ** 

M  8  g 

*c  8 1  ©  g 

-  e  §  8  •j  6 

«a  3  >>5  ^  ° 

5-slgg 

*  »  8  E 


c  e 


o 

o 


*M  O 
O  'C 


5  5 


T3  — 

S<* 


O 

!  H  a 
c 
o 

u 


frS  S  i  3  i-gf-g  8*  e«  SJ  « 

J«s£« 


5«bsS&  I 


E gl » 2 s| 

S  «  u  «  •  c 

“ii'lnii 


~  C  *S 


5  « 


..slsll 

w  ►*  **  •cS£,oE75gS^v 

*€a«e3sii£  u!a3.5£  s* 

£  -  a-c  2s  ftc  MtTj*;  .  ** 

s-3^„»«oa5r-  • 


£ 


<0  ^  2  •  W  ^  •  v 

•a  u  *3  T3  u  *”  £  fc  >»  *>  0~r*0 

1  S.1  &S  *-  g'Sg.’g  ss  i^l* 

fc  ■  »*.••-  .  tT  —  n  r  T3  O  « 

3  ^  n  «  v  o  5  o  V  «  o  «  u 

•5  ^  ®  C  ft  pm  Wi  JL  W  C  p  jp*  C 

!2C«e00^e  SoSSe«,5 


s  S  «  S  I 
6SSe 


O 

i  B.£ 8*5111  S.** 

£S2ss“?:-=ll-ss's1s>li 


i;|ii] 

11  s  ?*  g 
II  S-awi 

•o  «*  -a  »  « 

aim! 

g  o  >>8S 

5  g  =  g  8.5. 

=  c  g  «  £ 

■J«E«Sa 
=  =  8  c  e  •* 
®3iS«5- 

ts  *>  a.  8  ®  .S' 

g  e  s  b-3S 

c 


*  2  *  *  « 
«•§  S« 
««§!»% 


■a  S  s 
.  s  sr  v  “ 

$ 

"»  .*  §  8  >.  t, 

fe|ai8ilS 

5£ssS**ws 
!  "■®fi 


?-|  I  i"!  1 1  s 
5  il  %  s  g  I 
s;6sSiiL» 

tl^lir-- 

Mii? 

2  §  si  a 


su,'Sy 

1*1* 
M>  S  > 

%  ot 


•s  I 

if!  i 


s* 
^  a 


Si.:5ss-a-S  51 
|gS|l|||^|^o 


Isel 

s5^S  '^CfiSe 

awl SglsS^e^S 

-I’S  §-sl  I  §i5  S| 

3  a  -  Q.  V  JO  .5  ^.TJ  fi  V 

S  K  C  o.  C  a  O  S  C 

!SoEoS«co'°S 

„*§s888€S  °«I 

a  ’5  °  .a  ■g  s  >.0)31  s 

o«c-8c£c5 

«w  ^ 


« 

_  _  e  5  w  £  o 

?  Jlsif 

*E 


IH  ^ 

1|“3^  U  Efl  E®!^ 

*°§!*f *2i|S| 

®1o‘C  fi-  g 

»irJ  c-r  i  s=.£ 

a^d!s|i4i?l(S 

■““IuIob^.Su 

6  Q,  * 


£3  8< 

=  <‘sl  §5*81  fro 


g  =i 


00 

3 


On 

m 

» 

r- 

ON 

o 


o 

> 

W3 

00 

c 

'■5 

D 

0> 


Ou 

&. 

V 

■§ 

*3 

u 

s 

V 


u 

V 

tu 


*c 

c 

o 

u. 

ha 

a 

*5 


►».£ 
t  c 

II 

1  “ 
3“ 

M  *3 
u  o 

2  £ 
«  u 
|o 

o  c 

S  « 


a  «" 

a3 
8.S 

e  it 

H  g 
V  v 

Xt  2 
M 

a  i 

H 


V 

9 

M 

tpO 

S 

eg 

v> 

|6 

£=  S 

§2 

>• 

o  >- 
A.  Z 

M  ~ 


C  O 
O  *3 


*2 «  Sc  S 

S  1  £  5  S  & 

S  CS  t  ?  « 

Eo 8 3* « 

•a  i  B-  „  -o  - 

1.2  2 si 


v  b  »  a  ti 

Mgv|a 

|8iS«8 

M««| 

la.  -sa| 

-  s  s  -i-1 
5  s£'|l  c 

| - 

8S11I 


C  JS 

3  *■* 


8  8.g5  *  _ 

a  g  «  *  S 

-all  8 

C  S*  3  a  a 

£  s/  E  a  c  c 

•3  8  6  II 1 
0*00  «  “  " 


2mJSS> 


^  §«  S 

III!! 


a§-*S|eo£-^S|*g>»5^ 


,«li||s|SiUsli®. 

lop-wjjSs^  go  2^«pgg 
c’ffl  c*s  «  n *>c  >E~ 


°  a  >.  §>£  --.^egsXo0*^ 

<M  C  »T*  V  £ 
o  a  SB  g  *S 

-  «  o 

c  ii  *  >  a 

ll!isl 


«  E  § !I 3 

°2-3s«oCSS£^'3I 

§"2IS“&!G  ‘ 

»  S.S  c:  «  a 


Z 

§ 

0 

Q 

O 


<‘7?iisl2s4l5.!iS 


uS-sSc^sSe6  u  C  E  c 

SilBilai-sIs'sisss' 


r- 

s 


Electrochemical  Society  Proceedings  Volume  97-39 


•lis  e  §  e 
8  e  §•'3  -f -g 

na  o  i>  m 

*S  -  «  -o  *a 

o  3  g  j> 

E  >  "  o..S 


£\ 


if 


>  g  •§  §  §•< « 

ji=5d;i 

8”*U*tt* 
8  sf  8  a  a^-® 

SisfiS8- 

•a  3 13  a  5  °  g 
a*e§&s** 

■7-»i|4'lS 
SgeE-l *5 

©jfg.2=ij0-f 
—  c2v.">>Sy 

8  a’S  °l  *  1  s 

s  1 8  8  >> 

sjUf  .IgS 

*ill*f 1* 

S© e  §a -=S 

jig1 rfi  §i 
Pti;!]* 

cocc 

okooJSmoS 

ouotj*Z«oK 


2  ©•*  g® 
i:ai| 
*  i  ° « « 

•s  3  a  S  g 
=  8-5  J 


If 

a  t1 «  §• 

c  «  E  i  E 
g  5  «  o  « 


<8* 


Electrochemical  Society  Proceedings  Volume  97-39  619  Electrochemical  Society  Proceedings  Volume  97-39  620 


“  •=  £ 

«  ^  _  vC 

GO  r  )  ‘JT 

m  2  w  —  ™ 

—  M  _  K  Cl 

«  ^  <Q  N 

>  «  5  w  . 

X  "  Jj  <w 

"•:1s 


i ! 

E  * 
©  — 
O  Q. 


:  «a5<2  3«  -  -C  &  C  i 

5  ?  2  ^  .  a  .  ^gg-3-Se 
iigstsg-i  fc.2,  „  .2 


P*  E  JS  « 
~  2  -C  H  _* 

g  >.  8  .  g 

I  <°  2  S  .§ 

-?*ff 

—  3  *5  ►  B 
rt  O  — 

O  U-.  jj  g  0 

1*1*5 

*sXxZ 

afv|l 

rn  C  C 

c  6®  -  2 
<*  S  E  £ 

•E  g  'S  -o 
e  >,®£| 

a=  -  a-s 

5  3  §  «x 

6JHI 

o»  C  C* 


8  • 

3m- 

1 

§i 

2  ** 

« 

S* 

i:  u. 

*#  B 

e 

8  § 
<sj 

53  2  ^ 

"O  •» 

o  JS  io 


JE  ® 

:!j 

w 

1  i - 

:ii 
"§& 


lo 


III  - 

fSsJ 

•Igs* 

8  S?  „- 

as >  2 

* -5  w  5 


-2  ^  C 
*>  .  -C 

*  c  o 

1°  * 

1  S£ 
8-a  - 

a  sz 

E  85 

Iti 
;? ! 
in 


S  - 1 
f  3s 
H  -  E 

c  ^  o 
O 

Is? 


M  ** 

cl-3 
2  |“ 
a  a.  . 

i-o  U 


I!  o 

a  o  5 
>  2 
e  v 

-  e 
E  .o  v 

8  o  — 

^  C  %. 

t|V  o 

"Sc 
c  „•§ 
SS-5 


“1 

E1* 


3jE 

|g& 
u  S« 

•S  e> 
c  »  . 
v  t>  ca 

w  c 

7  g° 

y  $ 


#•■§ 

c  J5 

li 

a.  8 


8S* 

£  rfC 

-  «■* 

«•=  u 
-  ® 

•r-8  ?■ 
8  5  A 

O  JO 

III 

u  -c  - 

If  s 

5  *  g 

l&£ 

?JS 
a  a  " 

1  SI 
S-S-5 

sis 

■a  «  5 

f  ?! 

Mi 


m  >• 

el 


SI 

S  U 

s  g 

o  * 


S| 

li 


a 


J-a 

13  % 

a  i 
a  S 


9- 

m 

O 

+ 

M 

O 

+ 

€ 

o 


«  v  2 
2  Z  *3 

a  g  2 
8  2 


e 

a 

3 


O  ^ 
*n  w 

1 1 
o  2 
u  - 


*§  " 

2  S 


1  a 

c  w 


U  to 


o 

I 

m 

U 

M 

+ 


8  2  3 
i  £  « 

£  ,®  a 
a  e  a  e 
w  1  &  + 


8«  1 

» ^  ■» 
•&  7  o 

12* 

a  I  - 

*“  JS 

0*3 

JU 

f  i : 


03 

4> 

+ 

03 

is 

* 

♦ 

03 

cr 

o 

+ 

+ 

2* 


“I 

•3  W 

W  ft  ^ 

2  B 

l!*"  I 
?S§ 

S  «•  ^ 

*5  2  B 

it* 

il? 

*;i 

?  Ji  & 
2H  E 
«  .  n 

•O  ^  » 

«  £ 

H  c  •> 

S  C  > 

55  g  J2 


§ 


3  O 
o 

u2 
«  2 


*1!* 


■a 

£ 


ii 


it!« 


« .il  s 

"  is !  ^ 

r?  «  fjj  *J 

8S5|a 

a.«  “g  g 


HU  1 

x>  w  3 
1  SE  S 

a  *o  o  *s 

Tift 


8?  s 

CL  «  <s 


§bmS 

S  al  S* 

M  ’•■a  a  § 

III  i 
sf  li 


■n  *■*  g 

1*31^ 

5§s^f 

iis|j 

9  O  M  g 

u  «  *  C  y 


- 1 

§: 

•2| 

II 

s.. 


■g  a 

Is 

e 

w  2 

SI 

«! 

I- 

i* 

o 

•a 

S5 

o  *5 

si 

is 

M 
1  n 

a  . 
»  i 

I* 


2  £ 


fS 

rs 

v£> 


ON 

m 

• 

r- 

On 

V 

E 

£j 

"o 

> 

V5 

g» 

1 

4> 

g 

Cu 

>» 

w 

W 

8 

CO 

2 

o 

•g 

4> 

x: 


U3 


^ il-8 

U*' 


I  *-  >S  f 


5? 


*  «  ° 
a  e 


_ « 

csssi"s'°5ii 

•  I  a “3s|a5 « 

*a~ i«li:i 

“111 

M 


«  3  5 


-s  3  _  2  i 

°  _  - -5^ 

«  •  —•  a  S 

S'Sela'iS'S* 

|  “a  - f  5  2^  S  " 
Iu&?eSl  ®a 

e*a. « 

ill  s*t*i! -a* 

S.  H  87,  *• 
es-h 


-i;u 

—  »  ©  2  o 


>  a 


illK? 


ini 

i  a-© 

41  "  15 


13  55 Is  a  «  .  s  s 

s  si g^5  ®  a  s  s 

«  S  c  3  >  2  nj  >%  *a  *a 

1111111111 


m  «  .  C' 

>  .  «  B 

«C?M 

§111“ . 

-  *  i  §  j  s 

|  s  |  .1  s  s 
2|i?5§ 

1  g  a  1  5 

cl£  a  s  u 


S  2  a 


S2 

2  s-- 


§*!§;iP 

e32«jvS»s 
5-*  «?  5  .-S 

s*  a  —  8.x  ^  e  v 

e2"«a“.°3 

Iss2*cl? 

c  =  J5  o  g  e 
o®#wo^2**2 

N|s  2  a  e-s-s 
I?  §  3  Sg  §  S 

«.!**.§  15  b 
g  1- s  8-|? 
~  I  •§  u  -  I  -K 

l-Sffalf J 


|l|il§ 
ll«s-*Is"g 

§.Snis: 

5  §*asSsf 

*  G 


6 


a  s. s  I 
-a5. 


,  a 

M  B 


§  (5>  "  I  3  •§ 

e  « 1 

“  0 

_  a 

E  |  §  1 
5  «  v  ^ 


^  r*S  a 

"er  g'J,| 
„•=  S  5.S  2 


SgS 


S  S.S-S  3*  ?  5 

g  gl  S  S^'5 


g 

«<♦ 

0) 

*? 

■s; 

s 


A 

a- 


□a  Eii*:ia-s 

i?5  R  taC  •• 


Sw°*a  —  »>E 

*hillliic 
l!li*II*nS' 


O* 

< 

XT 


1  1 ^el  S  >||  hm5 

|!iii-l«?|li 


7  *1  9  li  §  8  *!' 

g-ggSgsill* 

l!i*8-«i^5^si 

1  S.8  S«<  S2  SUE 


vO 


Electrochemical  Society  Proceedings  Volume  97-39 


o 


Cl 

K 

4> 


r- 

/—v  r^! 

H.2 

S'  c 


c  « 

I  « 

-o  o 

C  CL 
cl  £ 
•8  °* 
H  i 


cQ  U 

W  « 

S  e 

•  JS 

«  H 

* 


Si 


4»  O 

?E 


O 

+ 

6 

00 

t 


E 

o 


s 

9 

w 

U 
8 
&  s 


rt  “  « 

2  oO 
<  -  g 

g  2  0 
£««•>• 

sit! 

5i,S 

sll1 


E-S  "-S 

8el£ 
aS  »S 
s< 


§1 


u 

+ 

2 


J2  t>  o 

2S  >  <£ 

<5-  ^  3 

°  5  *o 

-  *3  z  s 
«  HI  g  8 
■ 


g«S.S 

&e  s 


©  t 

Si 


31 

iZj* 

s2|| 

=3^1 

S  c  <  ■» 

m  r* 

s  e 

J2  SB 

|  a  s 

»  £  S£ 


111  I 


K  M 

o  e  M  c 

!f“ iia 
S  8  s  S  I  i 
S°tl g? 

2  °  .2  ■o 

e  u  u  *c  ** 

«>  *5  «■  « 

ssis: 

e  C  o  ^  C 
o  «  E  >  C  2 

i 1 -1 §  " 
a  i  8  2 


(N 

NO 


ON 

t 

r- 

ON 

I 

J3 

*3 

> 

us 

00 

C 


CL 

* 

8 

on 

73 

u 

E 

4J 

J= 

1 

4> 

E 


VO 

Csl 

vD 


??  Si  —  -g  a  «  !  I 


^  so  >©  oe  Os  ©  *- 
**  ^  n  <s 


r*  «o  •*  <n  <o  r»  oo  os  o  ^ 
NNNWNNNNm  <o 


<s 

«o 


f*i  +  ir>  SO  r** 
fH  ^ 


I 


*1 

3  j? 

a  s 

^  i 

fii 

£  i 
-  © 
c  O 

a»i 

I3 

-3 

M  O 

tig 

g ■*  O 

ip. 

M  §■« 
O  3  2 

1:5 

IK- 

O  W 

8  a  z 

r:« 

m  i  s 
111 
-3$ 

i! 

>*  o 


9 

CO 

8 

£ 

1 

I 

45 


£ 


■§ 

a 


<J  V 


1 

8 

0 

K 

•§ 

1 

a 


§ 

» 

•< 


I  f 


a 


•n 

PL 


IP 


o 

-M 

s?l5  g 


I 

8 

<3 


fif 

£ 

;»  ® 
.£ 


d®  §{» 
3§1|< 

U.C  I*  § 

1l*|l 

|3«1 1 

ilgt 
£*** 
|  <§ 
!|<s| 

i?i«l 


•S 

I 

I 


v> 

£ 

■« 

§ 

8 

s 


£ 


K 

l 

<J 


9  «*  8*  . 

ISeis 


£ 

£ 

CL 

"c  f* 


“’^Is5«5 

|I  1=3  =  = 

li-3s?3  54: 


tlfttl 

»  e  c.  8 .«  a  _-  £  P.  ir  * 


lil*  as 


ieje 

-§J5 
©  *3  s  m  9  m 

S  *  £  »  *  ! 


tmii* 


al^-s  & 


S  *  *  :* 


a  -S  .  »  - 

„ —  -ae 

1**:“~£|K9S  1-3 

j^Bb<d.SSO^Udtt! 


-—s  O 
Os  «■* 


Electrochemical  Society  Proceedings  Volume  97-39  625  Electrochemical  Society  Proceedings  Volume  97-39 


